Abstract-A model of atmospheric-pressure air discharges sustained by electromagnetic surface waves is developed that accounts for deviation of plasma state from the local thermodynamic equilibrium. Calculated distributions of plasma parameters along the discharge axis are presented for a wide wave-frequency range (from RF to microwaves). Values of the discharge length are given, depending on the wave frequency, the tube radius and the power input. It is shown that effects of ionization nonequilibrium become important at low values of the wave frequency and the discharge power. Parameters of microwave discharges in N 2 -O 2 mixtures, at small content of oxygen, are calculated and compared with available experimental data.
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I. INTRODUCTION

P
LASMA sources in which a high-pressure gas discharge plasma is created by a propagating electromagnetic surface wave are considered as a potential tool for various technological applications [1] , [2] . Plasma parameters can vary in a wide range, depending on the gas pressure, the field frequency, the absorbed power, and (for discharges in dielectric tubes) the tube radius. Typically, in molecular gases at pressures of the order of atmospheric one the plasma state in the discharge core is close to the local thermodynamic equilibrium (LTE) if the gas temperature inside the discharge region is not too low (higher than about 4000 K for atmospheric-pressure air, see the following). Otherwise, departures from LTE may take place.
In this paper, results are presented of simulation of discharges sustained by electromagnetic surface waves propagating in dielectric tubes. The work is based on the model of low-power discharges in atmospheric-pressure air with account of the effect of nonequilibrium ionization which was developed and applied to direct current discharges in the preceding work [3] .
II. MODEL
A discharge in a cylindrical dielectric tube is considered sustained by the field of an electromagnetic wave propagating along the tube axis . A self-consistent description of the discharge requires the solution of the coupled system of the equation for the wave intensity and the equations for the discharge parameters. If the axial nonuniformity of the discharge plasma is weak, a simplified approach [2] to discharge simulation may be used: the wave equation (for axially and radially uniform plasma with given parameters) and discharge equations (at a given value of the maintenance electric field) are treated separately with a subsequent matching of results.
(Note that assumption of radial uniformity is justified only in conditions when skin effect is small and discharge has a form of a single plasma filament. Otherwise, a more complex structure, with several filaments, may appear [4] .) In this approach, the plasma parameters in any plane are determined by the local value of the power loss per unit length, . The latter is related with the flux of electromagnetic power by the equation of electromagnetic energy balance, . The distribution of the power flux along axis is described by (1) where is the attenuation coefficient. The value of is obtained by solution of the system of equations describing propagation of the electromagnetic wave along a plasma filament. For weakly nonuniform plasma, this system may be solved in the local uniformity approximation [2] . That is, the value of is related to a given position through the plasma parameters in plane and, hence, through the local value of . The distribution is governed by (1) with the initial condition of a given power flux, at (at the beginning of the discharge). The value of decreases with , due to absorption of the electromagnetic energy by the discharge plasma, and vanishes at some point (at the discharge end). Thus, the problem of discharge simulation consists of three parts. The first is the solution of the electromagnetic problem that gives the value of the attenuation coefficient depending on plasma parameters. The second is the calculation of plasma parameters at given value of the power loss per unit length. And the third is the solution of (1).
The simplest approach to the calculation of is under the assumption that the electromagnetic wave propagates along a plasma filament, uniform in the radial direction, surrounded by free space (a discussion of this simplified model is given in [5] ). In this work, conditions are considered when the following relations take place:
Here, is the angular wave frequency, is the collision frequency, is the electron plasma frequency, is the speed of 0093-3813/03$17.00 © 2003 IEEE light in free space, and is the radius of the plasma filament. In these conditions, the attenuation coefficient , depending on the plasma parameters , and , satisfies the relation . The value of may be calculated using an analytical expression given in [6] .
The discharge model is analogous to that used in our recent work [3] on simulation of low-current wall-stabilized arc discharges and may be briefly described as follows. For air, the principal nonequilibrium effects are a deviation of the electron energy distribution function (EEDF) from the Maxwellian one with the gas temperature (more precisely, is the translational temperature of neutral particles); a deviation of the vibrational temperature of N molecules from the gas temperature (note that the vibrational temperatures of other molecular air components, O and NO, are close to the gas temperature due to a fast vibrational-translational relaxation of these species); effect of diffusion on species densities. Therefore, the model should include equations describing, for each of discharge cross sections , radial distributions of the gas and vibrational temperatures, of the EEDF and of the densities of species. It has been shown in [3] for discharges in atmospheric-pressure air, that in a wide range of discharge currents and tube radii the diffusion terms in equations for all the previously mentioned plasma parameters, except the gas temperature, are relatively small (that is, the corresponding diffusion lengths are much smaller than the radius of plasma filament). Hence, these parameters may be calculated, with high enough accuracy, in the local approximation. (Note that such an approach is not applicable to discharges in monatomic gases, see, e.g., [7] , [8] ).
The distribution of the gas temperature along the radial coordinate is governed by the Elenbaas-Heller equation (3) Here, and are the thermal and electrical conductivity coefficients, is the root-mean-square (rms) electric field, terms and describe energy losses due to convection and radiation. (Note that in conditions considered, the length of a discharge is much larger than its radius. It allows neglecting the heat conduction in the axial direction.) At the gas temperature range K typical for RF and microwave discharges (see the following) the radiation losses are negligibly small. The convective losses depend substantially on the geometry and velocity of gas flow. Here, for simplicity, the case is considered, when the convective losses are much smaller than the conductive losses to the walls and may be neglected. The boundary conditions for (3) are as follows: (4) Here, is the wall temperature, is the tube radius. Radial distributions of the vibrational temperature and the densities of species are calculated using the local balance equations (see [3] ).
Knowledge of the thermal and electrical conductivity coefficients and is required for a solution of (3). The thermal conductivity coefficient is not affected strongly by non-LTE effects, therefore, the LTE values [9] are used in the present calculations.
An effect of deviations from LTE on the electrical conductivity coefficient is much more substantial, because the value of is proportional to the electron number density , in accordance with the expression , where is the mobility of electrons. A central moment for calculation of is the development of a kinetic model for air plasma. A kinetic scheme used in this work includes processes with participation of species N , O , N, O, NO, electrons and ions NO (the dominating sort of ions under conditions considered). Rate constants of reactions between heavy particles, depending on the gas temperature, are taken from [10] . Rate constants of reactions with participation of electrons are obtained by averaging corresponding cross sections with the EEDF (note that the form of the EEDF may differ substantially from the Maxwellian one, due to a rather low ionization degree). The EEDF is governed by local values of the reduced electric field (where is the gas number density), the mixture composition, and the temperatures and . Note that in the considered range of discharge parameters the relation takes place, where is the mean fraction of electron energy lost in a collision of an electron with a heavy particle. In such conditions, the EEDF follows the periodic change of the electromagnetic field, and the averaging of the rate constants of reactions with participation of electrons over the wave period is required. The expression that relates averaged rate constants with those corresponding to the rms electric field is taken from [11] . For calculation of the EEDF, the BOLSIG code [12] has been used. The list of reactions with their rate constants and the expressions for the electron temperature (defined as two thirds of the mean electron energy) and for the mobility of electrons , obtained using calculated EEDF, are given in [3] . Under (2), the electric field inside the plasma filament is nearly independent on the radial position. The value of in (3) is related with the power losses per unit length as (5) The discharge model allows one to calculate radial distributions of plasma parameters in the cross section as functions of the local value . The effective radius of the discharge (also depending on ) is determined from (6) where is the axial value of the electrical conductivity. Thus, the attenuation coefficient can be expressed as a function of .
III. RESULTS AND DISCUSSION
Simulation has been performed of atmospheric-pressure air discharges in cooled tubes (at K) with radii -mm sustained by traveling waves with frequencies in the range from 20 MHz to 2.45 GHz. In the first three figures, the calculated relations between the plasma parameters are given, common for all values of . In Fig. 1 . Electron number density at the axis versus the gas temperature at the axis. Points: equilibrium n values. Fig. 1 , the dependence is shown of the axial value of the electron number density on the axial value of the gas temperature , in tubes of various radii. The equilibrium values of the electron number density are also given. Deviations from equilibrium manifest themselves at low enough values of . The larger is the tube radius, the smaller is the value of the temperature corresponding to the boundary between the LTE and non-LTE discharge regimes.
The transition from the LTE to the non-LTE plasma state with decrease of the gas temperature is related to the change of the ionization mechanism. When the gas temperature is rather high, the dominating process of production of electrons in air is the associative ionization of nitrogen and oxygen atoms, . (Note that in LTE conditions, at gas temperatures lower than 6000 K, the rate of generation of electrons in this process is just equal to the rate of their loss in the backward reaction of dissociative recombination of electrons with NO ions.) The rate constant of associative ionization depends exponentially on , and at low values this process cannot supply high enough rate of generation of charged particles. In these conditions, the ionization of gas particles by electron impact becomes dominating, resulting in the deviation from LTE (see the discussion in [3] ).
The gas temperature is governed (at a fixed tube radius) by the linear density of power input . This dependence is given in Fig. 2 . It is seen that the lines corresponding to various values of the tube radius are close to each other. Values of the effective discharge radius versus at various are shown in Fig. 3 .
Having found, for a given tube radius, plasma parameters as functions of , one is able to calculate the attenuation coefficient (depending on both and ) and solve (1). In Fig. 4 , the values are given of the discharge length in a tube with radius mm versus the total power absorbed by the discharge, for various values of the wave frequency . It is seen that, at fixed , the lower is the wave frequency, the larger is the discharge length. The next two figures demonstrate the effect of the tube radius, at two values of the wave frequency, 2.45 GHz (Fig. 5 ) and 20 MHz (Fig. 6) . In Fig. 6 , the results obtained are presented in the framework of both non-LTE and LTE discharge models (the latter uses the equilibrium, at the gas temperature, value of the electrical conductivity). Note that at GHz the results of both models nearly coincide in the whole range of considered values. The non-LTE effects become substantial at low frequencies and small values of the tube radius and absorbed power. It is interesting to note that at low and small , these effects even change the character of the dependence of the discharge length (at fixed ) on the tube radius, from increasing to decreasing.
Distributions of the axial value of the gas temperature along the discharge are given in Figs. 7-9 . The axial coordinate is counted from the discharge end, that is, the wave propagates from the right to the left. (Note that the increase of the total absorbed power results only in elongation of the discharge and does not influence the distributions of plasma parameters along the discharge axis, as functions of .) The temperature has a minimum at the discharge end and increases monotonously with . The values of grow with increase of the wave frequency (Fig. 7) . At a fixed value of , the temperature is higher at smaller tube radii (except a region of small at low wave frequency, see Fig. 9 ).
At the wave frequency GHz the gas temperature, for the whole range of tube radii, is higher than 5000 K, and, as it is seen in Fig. 1 , the values of the electron number density are close to the LTE. At lower wave frequencies the gas temperature at small is lower than 4000 K, and at small tube radii the deviation of from the LTE takes place. Available experimental information on discharges sustained by traveling waves in air is scarce. At the same time, a number of results of experiments and simulations have been published for discharges in atmospheric-pressure nitrogen and its mixtures with small amount of oxygen [4] , [13] - [15] . In this respect, we have performed simulations of discharges in nitrogen-oxygen mixtures, at atmospheric pressure, for various values of the molar fraction of oxygen.
A microwave range of frequencies has been considered, where, as it was shown previously for air, the deviations from LTE may be neglected. Therefore, at simulation of the discharge in N -O mixtures the LTE values of the electrical conductivity were used. They were calculated, at various molar fractions of oxygen, using equilibrium densities of electrons obtained with the CHEMKIN-II code [16] and the electron mobility values obtained in the framework of approach by Frost (e.g., [17] ).
The LTE values of the thermal conductivity in N -O mixtures were obtained as follows. The total thermal conductivity is given by a sum of terms describing translational, rotational, and vibrational contributions, and of the term that accounts for the shift of chemical equilibrium (dissociation, ionization) due to the temperature gradient. For calculation of the first three terms the CHEMKIN-II code [16] was used, the term was estimated on the base of approach described in [18] . Note that simulation of discharges in air in wave frequency range around 1 GHz with obtained values of and gives the discharge parameters very close to those presented above (obtained with slightly different and values). Solid line: calculation [13] . Dashed line: this work. In Fig. 10 , the distributions are compared of the gas temperature at the axis along the discharge in nitrogen at the wave frequency MHz and the tube radius mm, calculated in [13] and obtained in this work. Though approaches to calculation of the attenuation coefficient and of radial distribution of the temperature used in [13] differ from those described in this work, the results are rather close to each other.
In Fig. 11 , radial distributions of the electron number density and the gas temperature normalized to their axial values are given, calculated for the discharge in nitrogen at the wave frequency GHz and the tube radius mm, at the distance 10 mm from the discharge end. In the same figure distributions of the relative temperature (squares) and the intensity of N radiation (circles) from [4] are shown, measured in nitrogen for the same wave frequency and tube radius. Calculated temperature at the axis, 6100 K, is about 800 K higher than measured in [4] . The width of calculated distribution of is rather close to that of measured distribution of the radiation intensity. (Note that the energy of radiating state of ion N , counted from the energy of ground state of molecule N , does not exceed much the ionization potential of N . Therefore, the difference between the widths of radial distributions of and of the radiation intensity should not be large.)
Calculated discharge temperatures in nitrogen exceed substantially those in air. The effect of mixture composition is demonstrated in Fig. 12 , where distributions of the axial value of the gas temperature along the discharge are given, calculated at GHz and mm. The effect of small admixture of oxygen to nitrogen is clearly seen. This effect is caused by an increase of the molar fraction of electrons , illustrated by Fig. 13 , where the LTE values of calculations. Points: experiment [14] . Points: experiment [15] , [19] .
in various atmospheric-pressure N -O mixtures versus the temperature are presented. It is seen that at the temperatures lower than 6000 K the density of electrons in mixtures with small amount of oxygen strongly depends on the molar fraction of O (because oxygen atoms participate in the associative ionization reaction, producing ions NO ).
It has been revealed in the experiment [14] that an addition of small amount (less than 0.5%) of oxygen to nitrogen leads to a decrease of the temperature in atmospheric-pressure discharges sustained by a traveling wave with frequency 2.45 GHz in a tube with radius 12.7 mm. In Fig. 14, the gas temperature at the discharge axis is given versus oxygen content, both measured in [14] and calculated in this work (for the same values of and , at the distance 10 mm from the discharge end). The calculated values are again (as at comparison with measurements [4] ) about 600 K-1000 K higher than those measured. However, calculated rate of decrease of the temperature with increase of the content of oxygen is consistent with measured one.
An addition of oxygen to nitrogen results, besides decrease of the temperature, in increase of the discharge length. This effect has been demonstrated experimentally in [15] , where photographs are presented of discharges in atmospheric-pressure air and nitrogen in a tube with radius 14 mm, sustained by microwaves with frequency 2.45 GHz at total power 1.5 kW. Estimated discharge length in air is about 25 cm, in nitrogen it is about twice smaller [19] . In Fig. 15 , the discharge length is given versus the power, calculated for air and nitrogen at bar, GHz, mm; estimated experimental values [15] , [19] are also given. It is seen that, for given power, calculated values of in these two gases differ about twice, in agreement with the experimental data.
IV. CONCLUSION
Discharges sustained by traveling electromagnetic waves in atmospheric-pressure air are calculated with an account of nonequilibrium effects. Results of calculations show that increase of the wave frequency, at fixed values of the total power and the tube radius, leads 1) to increase of the gas temperature and, hence, the ionization degree, and 2) to decrease of the discharge length.
A departure from LTE, related with the change of the ionization mechanism, is shown to occur at the gas temperatures lower than about 4000 K. Such conditions are realized in RF range in tubes of small radii, at relatively small values of total power absorbed by the discharge. The discharge parameters at microwave frequencies are close to those calculated in the LTE approximation.
Parameters of microwave discharges in nitrogen-oxygen mixtures are calculated. It is shown, in agreement with experiments, that addition of oxygen results in decrease of the plasma temperature and increase of the discharge length.
